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a  b  s  t  r  a  c  t
Since  the availability  of  the  common  marmoset  monkey  as  a primate  model  in  neuroscience  research
has  recently  increased,  much  effort  has  been  made  to  develop  a reliable  guide  of the  brain  structures  of
this species.  In this  article,  we review  the  development  of the  marmoset  brain  atlas  and  discuss  a  newly
developed  brain  model,  which  was  reconstructed  from  histological  sections  under  volume-rendering
technology.  This  kind  of  brain  model  allows  virtual  sections  to  be constructed  on any  axis,  with nomen-eywords:
ommon marmoset
ytoarchitecture
tereotaxic atlas
rain models
olume rendering
clatural  annotations  to  structures  in  situ.  This  model  is also  applicable  for  the  identiﬁcation  of structures
revealed  in magnetic  resonance  imaging  studies.  The  brain  model  is  accessible  at  the  following  web
address:  http://brainatlas.brain.riken.jp/marmoset/modules/xoonips/listitem.php?index id=66.
©  2015  The  Authors.  Published  by Elsevier  Ireland  Ltd.  This  is an  open  access  article  under  the CC
BY-NC-ND  license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).RI
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. Introduction
As an animal model of non-human primates, the common mar-
oset (Callithrix jacchus), a New World monkey, has been used in a
ariety of biomedical studies that have ranged in topic from repro-
uctive medicine to social behavioral science (Heig, 1999; Norscia
nd Palagi, 2011; Ash and Buchanan-Smith, 2014). The inevitable
and Analysis Consortium and Marmoset Genome Sequencing and
Analysis Consortium, 2014).
Along with biological sciences, the marmoset can be a useful
animal model in neuroscience research (Kishi et al., 2014). This is
because among the primates, the common marmoset (1) is avail-
able at a relatively low price with mature adults being small in
size (300 g or so) (Power et al., 2001). Thus, it is easier to housevolution of gene manipulation technologies means that the use of
he common marmoset in these research ﬁelds will increase (Sasaki
t al., 2005), Moreover, since genome of this species has been
ecently sequenced, it is anticipated that there will be rapid surge
n the interest of primate biology (Marmoset Genome Sequencing
∗ Corresponding author. Tel.: +81 48 467 9637.
E-mail address: iriki@brain.riken.jp (A. Iriki).
ttp://dx.doi.org/10.1016/j.neures.2015.01.009
168-0102/© 2015 The Authors. Published by Elsevier Ireland Ltd. This is an open acce
y-nc-nd/4.0/).and handle these monkeys in a laboratory setting; (2) shows high
fertility (giving birth to non-identical twins twice/year) and earlier
sexual maturity (∼15 months) (Stevenson, 1976; Mano et al., 1987).
This means that certain genetic aspects of neural functions can be
analyzed (Sasaki et al., 2014), which is important given that most
genetic studies that have taken place so far have been conducted
in mice; and (3) has a structurally well-developed brain shar-
ing similar characteristics across various primate species (Paxinos
et al., 2012). Common features of brain structures in primates make
ss article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
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ather direct comparisons possible among the species, and the com-
arative approach seems especially important in marmoset studies.
ince relatively limited information is available regarding the com-
on  marmoset itself, data collected on other primates have been
elpful when considering correlations between structure and func-
ion in the marmoset brain. Thus, a combination of knowledge of
esearch on Old World primates and new insights from genetic
pproaches in marmosets will provide a better, more comprehen-
ive understanding of brain functions.
Brain atlases are useful in identifying and analyzing neurological
tructures. At present, several atlases are available for the common
armoset (Palazzi and Bordier, 2008; Yuasa et al., 2010; Tokuno
t al., 2009; Paxinos et al., 2012). Brain structures in these atlases are
elineated cytoarchitectonically in Nissl sections, and/or chemoar-
hitectonically in immunohistochemical (e.g. for calcium binding
roteins) or histochemical (e.g. for acetylcholinesterase) sections.
In addition to histological analyses, magnetic resonance imag-
ng (MRI) technology that has become a routine means to specify
unctional areas in the brain, requires interactive structural infor-
ation for image acquisition. Since brain atlases are not necessarily
ufﬁcient for such analyses, an additional model of the common
armoset brain has been proposed, in order to ﬁt in with current
esearch demands. Given the above background, we  developed a
eb-accessible brain model of the common marmoset monkey, and
ompared features of this model to that of previously reported brain
tlases for this animal species.
. Methodological consideration
.1. Architectural bases of the brain atlas
Fundamentally, brain structures are cytoarchitectonically iden-
iﬁed based on their appearance and type of neuronal staining,
.e., Nissl staining. Major criteria that have been used to specify
rain regions or structures include staining density, cell body size,
attern of accumulation and/or distribution, and locations of cell
ggregates with relation to their neighbors. The interpretation of
taining patterns, however, is not simple or straightforward, and
an thus be analyzed differently among individuals. Descriptions
n cat brain atlases (Berman, 1968; Berman and Jones, 1982), for
xample, should be appreciated and referred to when never a new
rain atlas is being developed. This is, because descriptions in these
tlases are considerably detailed in terms of cytoarchitectonic fea-
ures of brain structures that commonly appear across species.
n primates, however, thorough, comparative studies should be
arried out since they have characteristic brain regions that are
ifferent from or absent in rodents and carnivores, e.g., the well-
eveloped neocortex/striatum of the cerebrum and the pulvinar of
he thalamus.
In producing brain atlases, cytoarchitectonic characterizations
y Nissl staining can be supplemented by myeloarchitectonic fea-
ures with dense staining of ﬁber bundles and tracts. For example,
he primary auditory cortex and area TE of the temporal lobe are
haracterized by dense myelin staining in the middle layers of the
ortex.
In addition to the characterization of brain structures by cyto-
nd myelo-architectural methods, chemoarchitectural character-
zation is also necessary for the delineation of several brain
tructures. One example of such an approach includes histochem-
cal staining for acetylcholinesterase and immunohistochemical
taining for calcium binding proteins (parvalubumin, calbindin),
yrosine hydroxylase, neuroﬁlament protein etc. Recently, tech-
iques in molecular biology have also been employed to aid in the
isualization of particular brain regions or neural cells (Carson et al.,
005; Hevner, 2007; Jessberger and Gage, 2007; Lein et al., 2007;esearch 93 (2015) 116–127 117
Molyneaux et al., 2007; Ng et al., 2009). Thus more detailed atlases
that incorporate interdisciplinary aspects are necessary not only in
rodents, but also in the common marmoset.
2.2. Stereotaxic coordination
Most of the previously published brain atlases have been pro-
duced with stereotaxic coordinates. This is the case for the common
marmoset as well. In the atlas, three axial (coronal, horizontal and
sagittal) planes have been utilized to localize brain structures in 3-
demensional (3D) space. The sagittal zero plane is the plane through
the midline of the left and right hemispheres. Horizontal zero plane,
however, is not as clearly delineated and varies among the atlases,
depending on the axial line settings. The horizontal axial plane can
be set on either the line passing through the center of the opening of
the external acoustic meatus and infraorbital margin of the maxilla
(i.e., orbitomeatal line) as adopted in most animals; 10 mm  above
the orbitomeatal line, known as the Horsley-Clarke zero plane (e.g.,
Berman, 1968; Berman and Jones, 1982); the line passing through
the center of the opening of the external acoustic meatus and max-
illary incisor; or the line passing through the center of the anterior
and posterior commissure (Martin and Bowden, 1996). The former
three positions have been adopted for neurosurgical use, while the
latter coordinates are mostly applied in radiological studies. The
coronal zero plane typically lies on the interaural line which passes
through the center of the external acoustic meatus on both sides,
and sometimes in the center of the anterior commissure (Martin
and Bowden, 1996). However, since the horizontal axial plane can
be variably set, coronal planes also tend to vary depending on the
adopted horizontal axis. This is because coronal planes form right
angles against horizontal planes at all times. Thus, methodological
information of all atlases should be consulted in order to determine
how horizontal/coronal planes are constructed.
Among the stereotaxic planes, the coronal planes have been
described most intensively, while horizontal and sagittal planes
have only been superﬁcially described. Such biased descriptions
result in difﬁculties when investigators attempt to understand
brain structures in 3D. However, conception of the steric aspect is
no less important, especially for spatially complicated brain struc-
tures. To supplement the difﬁculties in 3D reconstruction, efforts
have been made in rodents by employing computer-assisted tech-
nology, using data from MRI, Nissl and/or gene expression analyses
(Ma  et al., 2005; Hjornevik et al., 2007; Dorr et al., 2008; Hawrylycz
et al., 2011; Kumazawa-Manita et al., 2013). Although the conver-
sion of histological information to MRI  volume data (Saleem and
Logothetis, 2012), no comparable studies are available in the com-
mon marmoset. Digital brain atlases organized with stereotaxic
coordinates for the common marmoset have been recently made
accessible over the web (Tokuno et al., 2009; Paxinos et al., 2012).
The discussion of the evolution of brain atlas construction reveals
the progression of data acquisition technology. Along with current
research demands, the advancement in technology encourages the
development of modern brain models. Thus, a new version of the
marmoset brain atlas will be introduced later in this article. The new
atlas is based on a volume-rendered brain model with axial-free
coordinates, i.e., the model is ready for any coordination includ-
ing stereotaxic axes, showing virtual brain structures delineated
by their histological features (see below).
3. Stereotaxic coordination and spatial localizationThus far, all of the brain atlases that have been published on the
common marmoset have been described using stereotaxic coor-
dinates (Palazzi and Bordier, 2008; Hardman and Ashwell, 2012;
Paxinos et al., 2012). While such atlases are useful for localizing
118 T. Hashikawa et al. / Neuroscience Research 93 (2015) 116–127
Fig. 1. Surface view of a marmoset brain model, reconstructed from Nissl stained
h
r
v
a
n
d
u
M
t
m
p
n
w
F
d
t
r
m
Fig. 3. An example of a horizontal section with delineated cortical regions, in which
information for the cortical delineation in coronal sections (Paxinos et al., 2012) was
converted using SG-eye software. A colored line drawing for each cortical region
(see the list in Table 1) overlaps the Nissl image. Abbreviations: AI, agranular insular
cortex; A13L, area 13, lateral part; A13M, area 13, medial part; A14C, area 14, cau-
dal part; A25, area 25; A47O, area 47, orbital part; AuRPB, auditory cortex, rostral
parabelt; AuRTL, auditory cortex, rostrotemporal lateral area; AuRTM, auditory cor-
tex, rostrotemporal medial area; DI, disgranular insular cortex; FST, fundus of theistological sections. Horizontal sections with 200-m intervals were used for the
econstruction. (A) Left lateral view, (B) dorsal view, (C) ventral view, (D) frontal
iew, (E) caudal view.
rchitectonically identiﬁed structures in sectional plates with
umerical coordinates, the localization of structures in 3D space is
ifﬁcult. This is, because direct information for the spatial contin-
ation of every brain structure is hard to obtain from such atlases.
oreover, information on the continuation of structures is substan-
ially important for 3D reconstruction.
A recent increase of MRI  experiments in the common mar-
oset (Hikishima et al., 2011, 2013; Sawada et al., 2014) has
rompted the development of a new brain atlas – one that coordi-
ates of more detailed structural information so that it can be used
ith volume-rendered MRI  data. MRI  studies can provide spatial
ig. 2. Surface view of the left cerebral cortex. Delineated cortical regions are
epicted by the same colors as shown in Table 1. In the model, every colored struc-
ure can be speciﬁed by an annotation, e.g., green for the primary visual cortex (V1),
eddish pink for the primary auditory cortex (AuA1), darkly pink for the primary
otor cortex (A4), brown for the somatosensory cortex area 3 (A3), etc.
superior temporal sulcus area of cortex; Gu, gustatory cortex; HipF, hippocampal
formation; IPro, insular proisocortex; OB, olfactory bulb; OPAl, orbital periallocorte;
OPro, orbital proisocortex; PaIL, parainsular cortex, lateral part; PaS, parasubiculum;
PGa/IPa, parietal areas PGa and IPa; ProM, proisocortical motor region; ProSt, pros-
triate area; PrS, presubiculum; STR, superior temporal rostral area; TEO, temporal
area TE, occipital part; TPO, temporo-parieto-occipital association area; TPro, tem-
poral proisocortex; TH, temporal area TH; Tu, olfactory tubercle; V1, visual area 1;
V2,  visual area 2; V3, visual area 3; V4, visual area 4.
information on the location of brain regions of interests even in
living animals. However, spatial resolution is rather poor in MRI
studies; thus, complementary structural information needs to be
collected from appropriate brain atlases.
4. Volume-rendered 3D images: a combination of
histological staining and MRI  technologies
Being motivated by recently developed digital atlases of
common marmoset brains, which include cytoarchitectonic and
chemoarchitectonic details with stereotaxic information (Tokuno
et al., 2009; Paxinos et al., 2012), an attempt was recently made
to combine these methods on sectional planes of the same brain
(Newman et al., 2009). In 2009, Newman et al. successfully pub-
lished a histological and magnetic resonance (MR)-based atlas
describing structures in coronal sections, in which relative rostro-
caudal levels were converted to their sectional plates from the
T. Hashikawa et al. / Neuroscience Research 93 (2015) 116–127 119
Fig. 4. An example of a horizontal section with delineated inner brain struc-
tures, in which information for the delineation in coronal sections (Paxinos et al.,
2012) was converted using SG-eye software. A colored line drawing for each inner
structure overlaps the Nissl image. Abbreviations: ac, anterior commissure; AcbC,
accumbens nucleus, core; AcbSh, accumbens nucleus, shell; APT, anterior pretec-
tal nucleus; BIC, nucleus of the brachium of the inferior colliculus; bic, brachium
of  the inferior colliculus; bsc, brachium of the superior colliculus; Cd, caudate
nucleus; Cl, claustrum; DCIC, dorsal cortex of the inferior colliculus; Dk, nucleus
of  Darkschewitsch; DLG, dorsal lateral geniculate nucleus; DpG, deep gray layer of
the superior colliculus; ECIC, external cortex of the inferior colliculus; EGP, exter-
nal globus pallidus; ﬁ, ﬁmbria of the hippocampus; fr, fasciculus retroﬂexus; ic,
internal capsule; IGP, internal globus pallidus, InG, intermediate gray layer of the
superior colliculus; LDB, lateral nucleus of the diagonal band; IPul, inferior pulv-
inar; LPul, lateral pulvinar; Me5/me5, mesencephalic trigeminal nucleus and tract;
mt,  mammillothalamic tract; Pa, paraventricular hypothalamic nucleus; pc, poste-
rior commissure; Po, posterior thalamic nuclear group; Pu, putamen; Rt, reticular
nucleus; SG, suprageniculate thalamic nucleus; ST, bed nucleus of the stria termi-
nalis; st, stria terminalis; VA, ventral anterior thalamic nucleus; VLLa, ventral lateral
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Fig. 5. Lateral (A), caudal (B), and ventrolateral (C) views of example structures in
a  translucent brain space. Abbreviations: AMG, amygdala; Cd, caudate nucleus; cp,
cerebral peduncle; ﬁ, ﬁmbria of the hippocampus; HipF, hippocampal formation;
ic, internal capsule; lfp, longitudinal fasciculus of the pons; mlf, medial longitudi-halamic nucleus, lateral part; VPL, ventral posterolateral thalamic nucleus; VPM,
entral posteromedial thalamic nucleus; ZI, zona incerta.
tlas by Stephan et al. (2009). The combination of histology and
RI  technology seems to make sense in doing experimental stud-
es since functional aspects of brain structures can be revealed
y in vivo MRI  studies, while their precise structural interpreta-
ion can be achieved by histological examinations. The invaluable
spect of MRI  data is that it is volume-rendered, and can be
sed for axially ﬂexible 3D reconstruction of brain models. Ide-
lly, it should be possible to localize brain structures in such a
odel with no consideration of ordinal stereotaxic coordination.
uch a brain model, however, obviously needs histological data for
very brain structure with information rendered in the brain vol-
me. Thus, in the current review we proposed a web-accessible
nd volume-rendered brain model with histological informa-
ion for the common marmoset (http://brainatlas.brain.riken.jp/
armoset/modules/xoonips/listitem.php?index id=66). This brainnal fasciculus; OB, olfactory bulb; py, pyramidal tract; Tu, olfactory tubercle; 3N,
oculomotor nucleus.
model was  developed in the Laboratory for Symbolic Cognitive
Development in Brain Science Institute at RIKEN (RIKEN BSI), Japan.
The following is an introduction of the axial-free common mar-
moset brain model, which is applicable for any brain axis including
ordinal ones used in stereotaxic coordinates. For further details,
please refer to the products section of the above URL.
5. Axial-free 3D brain model
For production of an axial-free steric brain atlas, a brain from the
common marmoset monkey (Callithrix jacchus; female; 2.3 years
old; weighing 310 g) was obtained from the Central Institute for
Experimental Animals (CIEA), Kawasaki, Japan. Prior to histological
preparation, MRI  was performed on this animal (Hikishima et al.,
2011). After perfusion, the skull with the animal’s brain was  placed
onto a stereotaxic apparatus, in which the horizontal axis was set on
the orbitomeatal line and reference marks were made on the right
side with carbon shafts (0.5 mm in diameter). The horizontal axis,
passed through the coronal plane 3.5 mm rostral to the interaural
line and horizontal zero plane, 2.0 mm and 2.5 mm  lateral to the
midline, respectively. The brain was embedded in gelatin and 50-
m-thick frozen sections were cut horizontally, mounted on glass
slides, and stained with thionine. Photomicrographs were taken
from the sections with a virtual slide scanner VS-100 (Olympus,
Tokyo, Japan), and the imaged data were processed using Pho-
toshop (Adobe, CA, USA). DATA was then imported into SG-eye
software (Fiatlux, Tokyo, Japan). Using this software that we devel-
oped for these types of studies (Kumazawa-Manita et al., 2013) and
the data obtained from horizontally-cut histological sections we
constructed a 3D digital volume-rendered marmoset brain model.
Structures described in the marmoset brain atlas (Paxinos et al.,
2012) are listed in Table 1, and are organized hierarchically. With
120 T. Hashikawa et al. / Neuroscience Research 93 (2015) 116–127
Fig. 6. Virtual images reproduced from the model: horizontal zero plane (A),
parasagittal plane 0.8 mm lateral from midline (B), and coronal zero plane in
neurosurgical stereotaxic coordinates. Lines in each image indicate approximate
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Fig. 7. An example of arbitrarily cut planes from the model. The line in A indicates
the radiological axis, which passes through the center of the anterior and posterior
commissures. A magnetic resonance image through this axis was obtained, as shown
in  B. Asterisks indicate the location of the anterior and posterior commissures. Thearasagittal (A) and horizontal (B and C) levels for the sectioning. Plane levels ante-
ior  and dorsal from the coronal and horizontal zero axes, respectively, have positive
alues, and vice versa. Scale marks are shown in mm.
he exception of tiny-delineated brain regions, most structures are
resented by individual colors and reconstructed in 3D.
Fig. 1 shows a whole view of the current model of the mar-
oset brain reconstructed from the histological data. The model
an be rotated and viewed from any directions, e.g., left-side view
Fig. 1A), dorsal view (Fig. 1B), ventral view (Fig. 1C), frontal view
Fig. 1D), and caudal view (Fig. 1E). On the surface of the cere-
rum, cortical regions were localized with expedient color (Fig. 2),
.g., primary visual area (V1) with green color, primary audi-
ory cortex (AuA1) with reddish pink, primary motor area (A4)
ith dark-pink, area 3 (A3) with brown, etc. These colors are
ompatible to those in Table 1. A previous atlas (Paxinos et al.,
012) was referred to for the delineation of cortical areas in
his model. Information in Paxinos’ atlas for cortical delineationbrain model was reconstructed from this animal. C depicts a histological plane at
approximately the same level as in A and B, which has annotations of delineated
brain structures. Fig. 7B was referred from the brain atlas edited by Iriki et al. (in
press).
in coronal sections was thoroughly converted to virtual coro-
nal sections reconstructed from this volume-rendered model, in
which sectional levels were adjusted manually. Horizontally-cut
virtual sections were obtained from this model and information of
cortical delineation was ﬁnally converted to actual horizontal sec-
tions. These were conﬁrmed further by histological features of the
regions, if necessary. Examples of cortical delineation after con-
version are shown in the horizontal sections of Fig. 3. Although
it may  be appropriate to account for tissue shrinkage or distor-
tion of histological sections, which would be especially important
for construction of atlases in stereotaxic coordinates, these issues
were not taken into serious consideration in the current model
because, in order to cope with these issues, it should be sufﬁ-
cient to cross-reference histological sections to radiological MRI
data from the same animal. In the model, therefore, the histologi-
cal data manually adjusted to be compatible with slice images from
MRI  data; matching the size, sectional level, and location of partic-
ular brain structures that were adopted as representative sections,
as demonstrated in this series of 2D images: http://brainatlas.brain.
riken.jp/marmoset/modules/xoonips/listitem.php?index id=66.
ience R
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As for the inside view of the model, major structures, including
uclei and ﬁber tracts, were delineated and identiﬁed using similar
ethods that were used for the cortex. Representative horizontal
ections from the model are shown in Fig. 4. A typical feature of
 volume-rendered model is that reconstructed structures can be
isualized continuously. Thus, a whole extension of the structures
n 3D from any direction can be observed in Fig. 5.
Because of the axial-free nature, one of the key features
f this model is that a section can be made from any plane.
able 1
rain structures listed in the table are arranged in hierarchical order. Nomenclature and a
olors  assigned for major structures in the list correspond to the colors for individual struc
n  the model in order to avoid overcomplicating the model components.esearch 93 (2015) 116–127 121
Neurosurgical horizontal (Fig. 6A), parasagittal (Fig. 6B), and
coronal (Fig. 6C) plates are shown as examples in stereotaxic coor-
dinates. The highest histological resolution could be obtained in
horizontal planes, and this was expected because horizontal sec-
tions were used from the sectional database used to reconstruct
the model. This is a characteristic feature of the present model,
and contrasts with previously published marmoset atlases that
mostly used coronal sections for the localization of brain struc-
tures. In addition to conventional stereotaxic planes, radiological
bbreviations were adopted from the marmoset brain atlas of Paxinos et al. (2012).
tures in the 3D model. Tiny structures depicted in black are not speciﬁcally localized
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ulanes with the horizontal axis passing through the bicommis-
ural line could also be reproduced using the model (Fig. 7). The
odel can also produce serial 2D images from virtual sections
econstructed from the 3D model to facilitate the comparison of
he histological sections with radiological sections at the same
evels.
. Conclusion
In this article, several kinds of brain atlases for the common
armoset monkey (Callithrix jacchus) were reviewed. These atlases
nclude: a histological atlas with stereotaxic coordinates, an atlas
hat combined histological information with MRI  data in stereo-
axic coordinates, and an axial-free 3D volume-rendered model
econstructed from histological sections. Of the reviewed atlas
ypes, we propose that a volume-rendered model will pose most
seful for studies done on the common marmoset.Acknowledgments
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